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INTRODUCTION

Prostate cancer (PCa) is the second leading cause of cancer-related deaths in men. The risk of PCa
increases rapidly after age 50 in men, with two-thirds of all PCa cases found in men after age 50. PCa first
manifests as an androgen-dependent (AD) disease and can be treated with androgen-deprivation therapy.
Despite the initial success of androgen ablation therapy, PCa progresses from AD to androgen-
independent (Al). The hormone refractory, invasive PCa is the end stage and accounts for the majority of
PCa patient deaths. Defining the molecular mechanisms linked to the transition of AD PCa to a hormone
refractory PCa is essential in planning strategies in the prevention and treatment of PCa. The objectives
of this proposal are to determine whether protein kinase C epsilon (PKCe) is linked to the initiation and
progression of Prostate cancer (PCa) and should be explored as a molecular target for the prevention of
human PCa. PKC represents a family of Phospholipid-dependent, serine/threonine protein kinases.
PKCe is a calcium-insensitive PKC. Previous studies have shown, using cultured prostate cancer-derived
cell lines and human PCa specimens that PKCe may play a role in the progression to Al PCa. However,
the role PKCe plays in the course of PCa progression on the whole tissue level in vivo is unknown and that
forms the focus of this proposal. We plan to test the hypothesis that PKCe is linked to the onset,
progression and metastasis PCa. Two specific aims are proposed to test this hypothesis: Specific Aim #1:
To obtain the first molecular genetic evidence that PKCe is linked to the development of PCa. To
accomplish this specific aim, we will employ TRAMP mice. Specific Aim #2: To explore the mechanisms
by which PKCe may promote the progression of Al PCa. PKCe may be a new marker for the prognosis of
PCa, as well as a molecular target for the prevention and therapy of PCa. Knowledge obtained from the
proposed study will help to plan strategies to manage the development of PCa.

This report will review the accomplishments made over the second year of grant award with respect to
these specific objectives and according to the time line proposed in the original statement of work of the
project.

BODY (Key Research Accomplishments by original statement of work)

Task 1: Specific Aim #1: To obtain the first molecular genetic evidence that PKCe is linked to the
development of PCa. Anticipated time to accomplish: 18-28 months

The principle experimental approach to link PKCe to the development of PCa is

to deplete PKCe in TRAMP mice. This will be accomplished by crossbreeding

TRAMP mice with PKCe knockout (-/-) mice. We will evaluate TRAMP-PKCe KO mice for the
development and progression of PCa in vivo. We will determine whether genetic loss of one (-/+) or both
(-/-) PKC alleles will attenuate the progression of PCa. Our PKCe knockout (-/-) mice are on FVB
background while TRAMP mice were on C57BL/6 background. This year, we were successful to obtain
TRAMP mice on FVB background from Dr. Barbara Foster’s laboratory, Rosewell Park cancer Institute,
Buffalo, New York. Congenic FVB TRAMP mice were originally generated by Dr. Allan Balmain’s group as
follows: B6 TRAMP females were mated with FVB males to generate B6FVBF1 TRAMP animals and the
F1 TRAMP females were backcrossed to FVB males; this scheme of backcrossing TRAMP females to
FVB males was continued. The FVB TRAMP mice to be used in this study will be generation N9-N12. The
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study of the influence of genetic background in prostate pathology between FVB and B6 TRAMP mice

reveals that FVB mice have a significantly higher incidence of malignant neuroendocrine (NE) carcinomas

and a significantly shorter survival time (20 weeks) compared to B6 mice (52 weeks). All FVB mice
developed malignant NE carcinomas by 20 weeks compared to a lifetime incidence of 20% in B6 mice.

Since FVB TRAMP mice have median survival of 20 weeks, a time course study will be performed with 4,

8, 12, 16, and 20 weeks old mice.

We are currently breeding FVB PKCe knockout (-/-) with FVB TRAMP mice to generate sufficient mice on
each genotype (TRAMP+, PKCe +/+); (TRAMP+, PKCe -/+); and (TRAMP+, PKCeg -/-) for the proposed
experiments as illustrated below. We anticipate to complete these experiments in the last year of our
grant period.

Experiment 1: Effects of PKCe deletion on the development of PCa in TRAMP mice. All mice will be

randomly assigned to the indicated cohort and sacrificed at 4, 8, 12, 16, and 20 weeks of age. There will

be 20 mice per experimental group. Since it is difficult to generate sufficient numbers of male mice for all
the time points, we have divided this experiment in three separate parts.

Experiment 1A: The link of PKCe to the progression to Al PCa. In this experiment, there will be 40

male mice in each genotype (TRAMP+, PKCe +/+); (TRAMP+, PKCe -/+); and (TRAMP+, PKCe -/-). At 8

weeks of age, 20 mice of each genotype will be castrated. For castration, mice will be anesthetized with

sodium pentobarbital (65 mg/kg, administered i.p.) and an incision will be made across the lower
abdomen to allow access to the testes. The ductus deferens will then be cauterized and the testes
removed. The incision will be closed by staples, which will then be removed two weeks post operation. At

20 weeks of age, all mice will be sacrificed.

Cohorts Sacrificed at: 20 weeks
Intact Castrated
TRAMP/PKCe (+/+) 20 20
TRAMP/PKCe (+/-) 20 20
TRAMP/PKCe (-/-) 20 20

Experiment 1B: The link of PKCe to the initiation of PCa. In this experiment, 20 male mice of each
genotype will be sacrificed at 4 and 8 weeks of age to determine whether PKCe deletion prevents the
development of early lesion (PIN) in TRAMP mice.

Cohorts All intact, sacrificed at:
4 weeks 8weeks
TRAMP/PKCe (+/+) 20 20
TRAMP/PKCe (+/-) 20 20
TRAMP/PKCe (-/-) 20 20

Experiment 1C: The link of PKCe to the development of PCa at the post-initiation phase of prostate
carcinogenesis. In this experiment, mice of each genotype will be sacrificed at 12, 16, and 20 weeks of
age.

Cohorts All intact, sacrificed at:

12 weeks 16weeks 20 weeks
Experiment with 20 20 20
TRAMP/PKCe (+/+) 20 20 20
TRAMP/PKCe (+/-) 20 20 20
TRAMP/PKCe (-/-)

Task 2: Specific Aim #2: To explore the mechanisms by which PKCe may promote the
progression of Al PCa. Anticipated time to accomplish: 24-36 months

The proposed experimental approach was to determine the effects of the inhibition of PKCe expression in
TRAMP mice, using the mice in Experiment 1 of Specific Aim #1, on the induction of cytokine IL-6 release
and IL-6’s associated signal transduction pathway (JAK/STAT-3) as well as the cell survival genes (e.g.,
p21, p27, Survivin, Bel-xL, and Bcl-2). The serum and prostate tissue samples will be collected from the
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experiments outlined under Specific Aims #1. These samples will be used to analyze the level of
expression of cytokine IL-6 using the mouse IL-6 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN).
The activation of the JAK/STAT-3 pathway and the expression of cell survival genes will be determined by
Western blot analysis.

While we are waiting for the experiments to be accomplished under specific aim#1, we screened for
pharmacological inhibitors of PKCe. The use of pharmacological inhibitors of PKCe will further provide
clues of the role of PKCe in PCa development. We found that plumbagin, a medicinal plant-derived
naphthoquinone, inhibits PKCe expression and growth and invasion of hormone refractory prostate cancer
(see Cancer Research paper in the appendix, this work was supported in part from DOD grant).
Our results with plumbagin are summarized below:

We found that plumbagin (PL), a quinoid constituent isolated from the root of the medicinal plant
Plumbago zeylanica L, may be a potential novel agent in the control of hormone refractory PCa. Specific
observations are the findings that PL inhibited PCa cell invasion and selectively induced apoptosis in PCa
cells but not in immortalized non-tumorigenic prostate epithelial RWPE-1 cells. Also, intra-peritoneal
administration of PL (2mg/kg body weight), beginning 3 days after ectopic implantation of hormone
refractory DU145 PCa cells, delayed tumor growth by 3 weeks and reduced both tumor weight and volume
by 90%. Discontinuation of PL treatment in PL- treated mice, for as long as 4 weeks did not result in
progression of tumor growth. PL, at concentrations as low as 5 uM, inhibited both in cultured PCa cells
and DU145 xenografts the expression of: 1) PKCe, PI3K, pAKT, pJAK-2 and pStat3; 2) the DNA-binding
activity of transcription factors AP-1, NFkB, and Stat3 and 3) Bcl-xL, cdc25A and COX-2 expression. The
results indicate for the first time, using both in vitro and in vivo preclinical models, that PL inhibits the
growth and invasion of PCa. PL inhibits multiple molecular targets including PKCe, a predictive biomarker
of PCa aggressiveness. PL may be a novel agent for therapy of hormone refractory PCa

KEY RESEARCH ACCOMPLISHMENT
1. To accomplish the proposed experiments under Specific Aim#1, we have now both TRAMP and
PKCe KO mice on FVB background. Breeding of PKCe knockout (-/-) with TRAMP mice is in
progress to generate sufficient mice on each genotype (TRAMP+, PKCe +/+); (TRAMP+, PKCeg -

/+); and (TRAMP+, PKCe -/-) for the proposed experiments.
2. Plumbagin, a natural inhibitor of PKCe, inhibits the growth and invasion of PCa.

PLANS: We will continue our experiments proposed under specific aims in the grant proposal. We
anticipate no change in our original plans.

REPORTABLE OUTCOMES

A publication in CANCER RESEARCH (Cancer Res. 68: 9024-9032, 2008).

Patents and licenses — NONE

Degrees obtained — NONE

Development of cell lines, tissue or serum repositories — NONE

Informatics — NONE

Funding applied for based on work supported by this award : NONE

Employment or research opportunities applied for —- NONE



CONCLUSIONS

Prostate cancer is the most common type of cancer in American men and ranks second to lung cancer in
cancer-related deaths. While 1 in 6 men will get prostate cancer during his lifetime, 1 in 34 will die of this
disease. Prostate epithelial cells are dependent on the male hormone androgen for survival and enter
programmed cell death following hormone oblation resulting in involution of the prostate gland. Early PCa
is typically diagnosed as androgen-dependent and is treated with anti-androgen drugs or using a
procedure termed castration, which involves removal of the androgen producing testes. Despite androgen
therapy, some of the cancer cells still survive and grow to form PCa. The PCa that grows after hormone
therapy is called androgen independent (Al) PCa. This invasive PCa is the end stage and accounts for the
majority of PCa patient deaths. The management of locally advanced prostate cancer is difficult and
complex because the cancer often becomes hormone-insensitive and unresponsive to current
chemotherapeutic agents. Knowledge about the regulatory molecules involved in the transformation to Al
prostate cancer is essential for the rational design of agents to prevent and treat prostate cancer. Recently
we found a protein termed protein kinase C epsilon (PKCe), which may play a role in the formation of
advanced prostate cancer. The level of this protein is increased in prostate cancer tissue as compared to
the normal prostate. The proposed study is aimed at validating the role of this protein in the progression
of prostate cancer. Knowledge obtained from the proposed study will help to plan strategies to manage
the development of PCa. This PKCe protein may be a new marker for the prognosis of PCa, as well as a
molecular target for the prevention and therapy of PCa.

REFERENCES: None

APPENDICES:
1. Cancer Research paper



Research Article

Plumbagin, a Medicinal Plant-Derived Naphthoquinone, Is a
Novel Inhibitor of the Growth and Invasion of

Hormone-Refractory Prostate Cancer

Moammir H. Aziz, Nancy E. Dreckschmidt, and Ajit K. Verma

Department of Human Oneology, School of Medicine and Public Health, University of Wisconsin, Madison, Wisconsin

Abstract

Prostate cancer (PCa) is the second leading canse of cancer-
related deaths in men. Hormone-refractory invasive PCa is the
end stage and accounts for the majority of PCa patient deaths,
We present here that plumbagin (PL), a quinoid constituent
isolated from the root of the medicinal plant Planbago
zevlanica L. may be a potential novel agent in the control of
hormone-refractory PCa. Specific observations are the find-
ings that PL inhibited PCa cell invasion and selectively
induced apoptosis in Ca cells but not in immortalized
nontumorigenic prostate epithelial KWPE-1 cells, In addition,
i.p. administration of PL (2 mg/kg body weight). beginning
% days after ectopic implantation of hormone-refractory
DUL45 PCa cells, delayved tomor growth by 3 weeks and
reduced both tumor weight and volume by 90%. Discontimi-
ation of PL treatment in PL-treated mice for as long as 4 weeks
did not result in progression of tomor growth. PL, at
concentrations as low as 5 pmol/L, inhibited in both caltured
PCa cells and DU145 xenografts (e the expression of protein
kinase Cz (PKCz), phosphatidylinositol 3-kinase, phosphory-
lated AKT, phosphorylated Janus-activated kinase -2, amd
phosphorylated signal transducer and activator of transcrip-
tion 3 (Statd); (B) the DNA-binding activity of transcription
factors activator protein-1. nuclear factor <B, and Stat3: and
() Bol-xl. cdc25A. and cyclooxygenase-2 expression. The
results indicate for the first time, using both in vitre and
in vive preclinical models, that PL inhibits the growth and
invasion of PCa. PL inhibits multiple molecular targets
including PRCz, a predictive hiomarker of PCa aggressiveness.
PL may be a novel agent for therapy of hormone-refractory
PCa. [Cancer Res 2008£48(21 ):9024-32]

Introduction

Prostate cancer (PCa) is the most frequently diagnosed cancer
among men and is the second leading cause of cancer-related
deaths (1). The risk of PCa increases rapidly after age 50, with two
thirds of all PCa cases found in men after age 50. PCa first
manifests as an androgen-dependent (AD) disease and can be
treated with androgen deprivation therapy. Despite the initial
success of androgen ablation therapy, PCa progresses from AD to
androgen independent (AI). The hormone-refractory invasive PCa
is the end stage and accounts for the majority of PCa patient
deaths (2-6). At present, there is no effective treatment for Al

for reprimts: Ajit K. Virma, Department of Human Onenlogy, School of
Medicine and Public Health University of Wisconsin Madison, WI 53792 Phone 608-
263-0136; Fax: 608-262-665; E-mail: akwrma@facstaffwiscedu.
EO008 American Association for Cancer Besearch
doi: 1.1 1580006 54TLCANADS- 3404

metastatic PCa There is an urgent need for novel agents that can
be effective and selective in the prevention and treatment of
hormone-refractory PCa Plumbagin (PL), & medicinal plant-
derived naphthoquinone (7], seems to possess such properties,

PL (5-hydroxy-2-methyl- L4-napthoquinone: Fig. 14 ) was isolated
trom the roots of the medicinal plant Plambage zeylanica L. (also
known as Chitrak; ref. 7). The roots of Plambago zeylanica have
been used in Indian medicine for more than 2,500 years for
treatments of various ailments. PL is also present in black walnut
and other various medicinal plants (7)., PL has been shown to exert
anticancer and antiproliferative activities in animal models and in
cell culture (7). PL, fed in the diet (200 ppm), inhibits azoxy-
methane-induced intestinal tumors in rats (8). PL inhibits ectopic
growth of breast cancer MDA-MB-231 cells (9], non-small cell lung
cancer A549 cells (10), and melanoma A37582 cells m athvmic
nude mice (11). PL has also been shown to induce apoptosis in
human PCa cell lines (12). However, no study exists about the
effects of PL in the prevention and/or treatment of PCa
progression.

We present in this communication for the first time that PL is
a novel inhibitor of the growth and invasion of hormone-
refractory PCa cells. Lp. administration of PL reduced both the
weight and volume of ectopically xenografted DUL45 cells by
90%. PL inhibited PCa cell invasion and selectively induced
apoptosis in PCa cells. PL inhibited constitutive expression of
multiple molecular targets, including protein kinase Ce (PKCe),
phosphatidylinositol 3-kinase (PI3K), AKT. and activation of
transcription factors activator protein-1 (AP-1), nuclear factor-xB
(NF+B), and signal transducer and activator of franscription 3
(Stat3) in PCa cells. PL may be a novel agent for therapy of
hormone-refractory PCa

Materials and Methods

Chemiculs, antibodies, and assay Kits. PL (proctical grade, purity
=05%) was purchased from Sigma-Alddch The sources of antibodies used
in this study were as follows: PKCe, other PKC isoforms, Stal3,
phosphorylated Stal3Tye705, PBK (pd5) PI3K (pl10), p21, p27, vascular
endothelial growth factor (VEGF ) matrix metalloproteinase-9 (MMP-9),
Belal., cyclooxygenase-2 (COX-2), ode25A, and Poactin (Santa Crue Bio-
technologyk phosphorylated Janus-activated kinase (pJAK)-1 (Tye"™1559),
PIAR-Z [Ty ™78 ohocphorylated AKT (pAKT: Ser®™), pAKT (Thr™®),
and AKT (Cell Signaling Technologyl pStat3Ser?27 (BD Biosciencesk and
proliferating cell nuclear antigen (PCNA; Dako North America, Ine)
The oligenucleotides for AP-1 (5-CGCTTGATGACT CAGCCGGAA-3'),
NF-kB [5-AGTTGAGGGGACTTTCCCAGGC-3), and Stald (5-GATCCTT-
CTGGGAATTCCTAGATC-3) were obtained from Santa Cruz Biotechnolo-
gv. Collagen-Based Cell Invasion Assay kit was from Millipare.

Cell lines, Cell lines (RWPE-L CWR22rv L LNCaP, PC-3, and DU 145) were
obtained fom the American Type Culture Collection

Apoplosis. Percent of cells undergoing apoptosis was determined by
Mow eytometric analysis of propidinm iodide—stained cells (13)

Cancer Res 2008; 68: (21). November 1, 2008
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Plumbagin Inhibils Prostate Cancer

Cell invasion assay. Cell invasion was assayed wsing o Collagen-Bused
Cell Tnvission Assay Mt as per the manufactunee's instroctions (14) Bredy,
PCa cell lines at 80% confluency were serum starved for 18 Lo 24 h before
the assuy. The cells wen harvested and the pellet was gently resuspended in
senm-free medium, In the upper chambeg 05 10" cells per well were
plated in triplicates and incubated for 2 hoat 377C in a humidified incubator
with 5% COx before PL treatment. Both the fnsert and the holding well were
subjected to the same medium composition with the exception of serum,
The insert contained no serum, whereas the lower well contained 108 fetal
bosine serum that served as a chemoatt etant, The untreated groups were
used as a vontrol. Forty-cight hours after PL treatment, the cell invasion
assay was perdormed as per the manufctunees instrictions. The cells in the
ingert were removed by wiping gently with a cotton swab, Migrted cells
sticking w the bottom side of the insert were stained with Cell Stain.
Invading cells on the bottom side of the membrane were photographed
using light inverted microscopy (Nikon Eclipse TS 100) at =40 magnifica
tion. In addition, the number of cells migrting to the bottom side
was eslimated by vcolorimetric measurements al 560 nm according o
assay instroctions. Mean = SE was calcufated from three independent
experiments,

Eetopic DUI4S tumor xenografls. Male athymic nude mice were
purchiased from The Jackson Lubomtory and radsed in o pathogen-free
environment, Mice were gsed for experimentation 2 wk afler acclimatiza
tion. DUL45 cells (25 * 107 in Matrigel) were implanted on both flanks of
oude mice, The animals (# = 10) wene treated with PL (2 mg/kg body weight
in 0.1 mL PBS 5d a week) by Lp. injection 3 d after cell implantation. The
untreated animals (o = 10} were used as a control. Mice wem weighed
and examined twice weekly for the presence of palpable tumors. Tumor size
was measured by calipers and recorded, Tumor volime (V) was determined
by the fllowing equation: ¥V = (L = W * 0 * 0.5236), where
I is the length, W is the width, and H is the height of the xenograft
tumor. At the cnd of study, mice wene euthanized and digital photogrphs
wire tuken of their tumors, The mean caleulated tumor volione was plotted
as 4 lunction of time, After 11wk, PL treatment was stopped and the growth
of the tmor was measured through 16 wk alter cell implant sion

Stalistical analysis. Statistical differences between the tumor volume
means of control and PL-tneted mice wene analyeed by Students §lest

Wistern blol anulysis, Human PCa cells and xenograll samples were
lysed in immumoprecipitation lysis buffer [50 mmol/L HEPES (pH 7.5),
150 mmol /L KaCl 10% gycerol, 1% Triton X- 100, Lmmol/L MgCl,, 10 ug/mlL
aprotinin, 10 pe/mL leupepting | mmol/L phenylmethylsulfonyl Quordde
(PMSF), 200 mmol/L NagVDs, 200 mmol/L NaF, 1 mmol/L. EGTA]. The
homogenate was centrfuged at 14000 > ¢ for 30 min at 4°C. Whole-vell
bysate (25 jg) was fFractionated on 10% to 15% SDS-polyaceyvtamide gels. The
proteins were transfermed o Hybond- P polyvinylidene difluodde transfer
membrane (Amershim), The membranes were then incubated with the
indicated primary antibodies folowed by o hoseradish perxidise (HRF)
secondary antibody and developed with Amersham enhanced chemilumi-
nescence reagent and automdiography using BioMax film (Kodak Co) The
Wistern blot signals werne quantitated by demsitomelde analysis using
TotalLab Nonlinear Dynamic Image analysis software (Nonlinear USA, Inc. ).

Histology. Xenograll samples were fxed for 24 b in 109 nedtol bufened
formulin, transferred to PBS (pH 74), and then embedded in paralffing
Sections (4 pm thickness) of each specimen were cul for E:L-ahnﬁ:gic and
immunobistochemical examination

mmunohistochemical analysis, Immunohistochemistry was carded
ot with mabbit ant-PECe (1200 dilation), mbbit anti-Statd (1:150 dilution ),
or muuse anti-PCNA (L150) antibody in a Lab Vison Autostainer 3600 and
FT module (Lub Vision) with g standacd protocol for immuno bistochem-
istry (14). Brefly, the samples of xenograft tumor were deparaffinized and
antigen retrieval was done by heating in citrate buffer (pH a0 Lab Vidon)
al 98°C for 20 min and then incubated in peroxidase for 5 min to block
endogenous peroxddase. Nonspecific proteins wore hlocked with Biocare
Medical Terminator (Biocare Medical) for 10 min and then samples were
incubated with appropriate primary anlibody at room tempemtune for
60 min followed by HRP-labeled 120G secondary antibody (Biocare Medical )
for 40 min Color was developed by incubating samples with diamino-
benzddine (DAB} (Duko North America) for 1 min. CAT Hematoxylin
(Biocare Medical) was wsed for | min sy a counterstain The specifie
stuining of PKCe, Std or PONA in the sections was examined using

A

Figure 1. PL induces apoptosis and inhibits cell
invasion in PCa cells. PCa call lines (D145,

Structure of Plumbagin

c
Plumbagin (umol/L)

CWR22mv1, LNCaP, and AWPE-1) at 70%: to 80%
confluency were serum starved for 24 h and then
treated with PL at various {0, 5, 10, and 15 pmoliL)
concentrations in DMSO (final concentration, 0.1%).
At 24 h after treatment, cells weare collected for
apoplosis analysis. CWR22rv1, D145, and PC-3 calls
were treated with 5 or 20 pmol/L of PL in DMSOD
(final concentration, 0.1%) for 48 h and assayed cell
Invasion as described before (14). A, structure of PL.

2
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B, induction of apoplosis. Paints, mean of threa =
separale dishes, bars, SE. G, PCa call invasion 15
Cells wera slained with crystal violet and photographed Plumbagin{pmol/L)
al =40 magnification. D, number of invading cells
was estimated by colonmetric measurements al D
560 nm according to assay instructions (Chemicon 1.2 1.2 1.2
International). Columns, mean of three sepamte E Du145 E PC3 E CWR22rvt
wells; bars, SE. Similar results were cbhsarved in a ‘B 0
repaat axperiment. E 0.8 gu-s g 0.

= = =
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Figure 2. PL inhibs expression of PKCE,
activated Statd, PCNA, VEGF, and MMP -8
in ectopically xenografted DU145 cells.
The DU145 cells (2.5 = 10% in 100 uL of
a 11 mixture of medium/Matriga) were
implanted on both flanks of athymic nude
mice {n =10 mice per group). The animals
wara traated with PL (2 mg/'kg body waighl

=

Tumor Weight (g)

in PBS or PBS only, 5 d a week) by i.p.
injection beginning at 3 d after cell
implantation. At the and o the study, mice
ware sacdficed and digital photographs
were laken. A, fop, photographs of
representative mice; botlom, pholographs
of excised tumors. B, fop, tumor growth

- kinetics. Tumor growth was measured
weekly using digital calipers and the
average tumor volume was graphed as a
lunction of time. After 11 wk, PL treatment

g

g
o

was slopped and lumor growth was
measured through 16 wk after cell
implantation. *, P < 0,05, from the

contiol group. Bottom, tumor weight at

11 wk afier cell implaniation. C, laft,
immunohisiochemistry of lumor tissue

for PKCe, Stat3, and PCNA with negative
controls for specificity. Magnification,

=40 (left). Right, quantitation of Stat3 and
PCNA-positive stained nuclei. Columns,
mean of 10 different views; bars, SE.

*, P < 0.000, from the control group. D, keft,
exprassion of VEGF and MMP-8 in tumors
fram PL-treated and control mice; right,
quantitation of VEGF and MMP-9
EX[HESS N,

Olympus BX61 microscope. Negative codtrols (withoul pomary antibody)
were inclisded for each study. For the quantitation of Stat3 and PCNA-
positive stanmg cells, 10 modom areas wene selected for each momse at
each time poinl. The number of cells showing positive labeling and the total
number of cells counted were recorded. An average percentage was then
calculated based on the total number of cells and the mumber of positive
staining cells from each set of 10 Gelds counted, Resulls are expressed as
mean of pereentages = SE,

Elecirophoretic mobility shill assay, PCa cells (DUI45, PC-3,
CWR22rvl, and LNCaP} at 70% to 80F coofliency were serim starved
for 24 k Cells were treated with 0, 5 10, 15, or 20 pmol/L of PL for 3 h.
Nuclear protein edracts were prepared by lysing cells in o hypolonic
solution [10 mmol/L. HEPES (pH 7.5), 10 mmol/L KCL 0.1 mmol/L EDTA
(pH 80} 0.1 mmol/. EGTA (pH 80), | mmol/L DTT, (.5 mmol/L. PMSF,
05 myg/ml berzamide, 2 pg/ml aprotinin 2 pg/ml leupepting, with
detergent [NP40 at 65.25% (v/v)] followed by low speed (1500 = g for 30 s)
to colleet nuclei Nuclear proteins wem extracted in o highsall buffer
[20 mmol/L HEPES (pH 75), 0.4 mol/L NaCL | mmol/L EDTA (pll 8.0),
I mmol/l. EGTA (pil 80), 1 mmol/L DTT, 1 mmol/L. PMSF, 05 mg/mL
benzamide, 2 pg/ml aprotinin. 2 pg/mL leupeptin] and nuclear
membranes and genpmic DNA were removed by high-speed (16,000 = g
centifugation for 5 min. Nuclear protein exracts wen stored al —70°C
until psed. The meclear protein extract was incubated in a Gnal velume of 20
L of 10 mmold. HEPES (pH 7.9} 80 mmol/L NaCl 0% glyeerol,
I mmol/L. DTT, | mmol/L. EDTA, and 100 pg/mL polydeoxyinosinic
deoxyeytidylic acid) for 15 min. v P-radiolabeled double-stranded
olignmceotides of the conscnsus hinding sequences of AP-1, NF-«B, or
Stat3 were then added and the complexes were incubated for 20 min al
room temperalire, The protein-DNA complexes were resolved on a 4.5%

acrylamide gel containing 2 5% ghycerol and 0.5 Tris-borte EDTA al room
temperatire. Gels were doed and astoradiographed to determine hind ing
il vty (14)

Results

'L inhibits invasion and induces apoptosis in PCa cells. Cell
invasion requires cells to migrate through an extracellular matrix
or basement membrane barrier by first enzymatically degrading
the barrier and then becoming established in a new location. Cell
invasion is exhibited by tumor cells during metastasis. The effects
of PL on the mvasive ability of Al human PCa cell lines were
determined. In this experiment (Fig. 1), PCa cells (DU145, PC-3,
and CWR22rvl) were treated with 5 or 20 pmol/L of PL for 48 hand
cell invasion was assayed wsing a Collagen-Based Cell Invasion
Assay kit (14). PL, at both 5 and 20 pmol/L concentration,
significantly (P < 0,001 inhibited the invasion of DU145, PC-3, and
CWR22rvl, The inhibitory effect of PL on cell invasion did not
differ among these cell lines (DU145, PC-3, and CWR22rv]; P > 0.1;
Fig. 1C and D). The effect of PL on the induction of apoptosis in
human PCa has recently been reported (12). PL induced apoptosis
in human PCa cells (PC-3, LNCaP, and (4-2) wrespective of
androgen responsiveness and p53 status, PL-induced apoptosis in
human PCa cells was assoctated with modulation of cellular redox
status and generation of reactive oxygen species (ROS; ref 12). We
alsn determined the effects of PL on the induction of apoptosis in
PCa cell lines (DU145, CWR22rvl, and LNCaP) and nontumorigenic
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immaortalized prostate epithelial RWPE-1 cells. PL at concentration
as high as 20 pmol/L did not significantly (P = 042) induce
apoptosis in RWPE-1 cells (Fig 18). PL at all concentrations
significantly (P < (0L009) induced apoptosss in PCa cell lnes (DU145,
CWR22rvl, and LNCaP). Al PCa cells (DU145 and CWER2?rvl) seem

to be more sensitive than AD PCa cells (LNCaP) to the mduction of

apoptosis by PL (Fig. 18),

PL inhibits growth of DUL45 cells in athymic node mice. In
this experiment (Fig. 24 and B), PL (2 mg/kg body weight) was
administered Lp. 3 days after ectopic implantation of hormone-

refractory DU145 cells, PL treatment delayed tumor growth by
3 weeks and significantly (7 < 0.05) reduced both the tumor weight
and volume throughout the experimental period (Fig. 24 and 8).
Discontimuation of PL treatment in PL-treated mice, for as long as
4 weeks, did not result in an increase in tumor growth (Fig, 28). PL
treatment significantly (P = (L000) inhibited PCNA expression and
constitutive expression of Stat3 and PKCe (Fig, 2C ), In addition. PL
treatment imhibited the expression of VEGF and MMP-9 (Fig. 20).
The PL-treated mice gained weight and exhibited no obvious toxic
effects.

Figure 3. PL inhibits PKCe expression as
‘well ag JAK-2 and Statd phosphorylation in
D145 cells & witro and i vivo, A and B,
DUA45 cells al 70% to B0%: confluency
wara serum starved for 24 h. Cells were
treated with 0, 5, 10, 15, or 20 pmol/L of PL
in DMSO {final concantration, 0.1%) for 6 h.
Whole-cell ysates were prepaned and
used Tor Western blot analysis of the
indicated proteins. & and D, DU145 celis
(2.5 = 107 in 100 plL in a 1:1 of medium/
Matrigel) were implanted on both flanks of
nude mice. Animals were treated with PL
(2 mg'kg boedy weighl in PBS or PBS only,
5 d a week) by i.p. injection beginning 3 d
after implantation. Al the end of the

study, tumors Trom PL-treated or contra
mice were excised and whole-call lysales
were prepared, Protein extracts (25 ug
protein) wemne immunoblotied and
indicated proteins were detected wath the
appropriate anibodies. Protein levels
wera nomalized o p-actin. Western blots
(A and C) were guantilaled (8 and D)

by densiiomeiric analysis using TelalLab
Monlinear Dynamic Image analysis
software:
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PL-induced inhibition of PCa cell growth accompanies
inhibition of the expression of multiple molecular targets,
including PKCz. To obtain clnes about the mechanism by which
PL may inhibit growth and invasion of PCa, we used both DU145
cells cultured in vitro and DUI45 tumor xenografts from vehicle-
treated and PL-treated mice. The results are illustmated in Fig. 3.
PKCe expression and constitutive activation of Stat3 have been
shown to play a role in the progression of human PCa (14). Stat3
activation, which mvolves dimerization, nuclear translocation,
DNA bhinding, and transactivation of transcripion, requires
phosphorylation of both Tywr™ and Ser™ (14). Stat3Tyr705
phosphorylation is mediated by a wide variety of growth factors
|e.g. interleukin-6 (I1-6)]. [L-A signaling is mediated through JAK
JAK-Stat is the classic pathway that has been shown to mediate
cellular responses to a varety of cytokines, including [1-6, In
response to [L-6, Statd is transiently associated with gpl30 and
subsequently phosphorvlated by JAKs on Tvr'™ of Stat3. PKCe-
mediated Stat35er727 phosphorylation is also essential for both
optimal DNA-binding and transcriptional activities of Stat3 (14). A
shown in Fig. 34 to D, PL treatment inhibited the expression of
pJAK-2 and PKCe. PL-mediated inhibition of pJAK-2 and PKCe
expression accompanied imhibition of both Stat3Ser727 and
Stat3Tyw705 phosphorylation (Fig 34-D). The effects of PL on
the expression of other PKC isoforms were also determined (Fig 4),
PL inhibited the expression of PKCe and PKCRL PKCa expression
was slightly increased, whereas expression levels of other PKC
isoforms (PECR, PECy, PKCGH, PECr, PECg and PKCp) were
unaffected (Fig 4). Constitutively activated PRCe is linked to cell
survival essential for maintenance of PCa. We observed in PCa
from TRAMP mice that PKCe expression accompanied up-

regulation of phosphorylated PI3K and AKT, major components
of the cell survival pathway (14). These results prompted us to
analyze the effects of PL on the expression of PI3K and AKT in
DUI45 cells and tumors, The results are shown in Fig. 5. PL
treatment inhibited the expression of the PI3K (p85) and PI3K
(p110) resulatory subunits and pAKT (Ser’” and Thr'™; Fig 54
and B). We also observed that PL treatment induced the expression
of p2l and p27 (Fig 5C and D).

PL treatment indiscriminately inhibits the DNA-hinding
activity of ranscriptional factors AP-1, NF-sB, and Stat3 in
PCa cell lines. Activation of PKCe and PI3K/AKT pathways
culminates in the activation of transcription factors (AP-1, NF-xB,
and Stat3), which drive the expression of cell survival genes (14).
Sandur and colleagues (1) have reported that PL-modulated cell
proliferation, carcinogenesis, and radioresistance may be due o
inhibition of NF-«B pathway. We found that PL inhibited the DNA-
binding not only of NF-+B but also of AP-1 and Stat3 in PCa cell lines
DU 145, PC-3, and CWR22rv] (Fig. 64), Inhibition of the DNA-binding
activity was observed at PL concentmations as low as 5 pumaol/L
(Fig. 64). Figure 6 also shows that PL inhibited the expression of
several cell survival genes (COX-2 cdc234, and Bel-xL: Fig, 6C and D),

Discussion

PCa is the most common type of cancer in American men and
ranks second to lung cancer in cancer-related deaths (1), Hormone-
refractory invasive PCa is the end stage and accounts for the
majority of PCa patient deaths (2-7). Men with hormone-refractory
cancer are at high risk for developing bone metastasis, which
results in clinically significant skeletal morbidity (15-18), The
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management of locally advanced PCa is difficult and complex
because the cancer often becomes unresponsive to current
chemotherapentic apents. Several apents, such as selenium,
lycopene, soy products, green tea, pomegranate phenolics,
apigenin, and vitamins D and E, are effective in the prevention of
the induction of PCa [ 19-22) However, there is no agent that is in
fact effective and selective in the prevention and/or treatment of
late-stape hormone-refractory PCa We present here that PL, a
quinoid constituent isolated from the roots of medicinal plant
Plumbago zevlanica L. (also known as Chitrak ref. 7). induces
apoptosis and inhibits invasion of Al PCa cells (Fig. 1)
Administration of PL (2 mg/kg body weight), beginning 3 days
after ectopic implantation of hormone-refractory DU145 PCa cells,
delays tumor growth by 3 weeks and reduces both tumor weight
and volome by 90% (Fig, 2). In addition, PL abrogates the
expression of PKCe (Fig. 3), which plays a role in the development
and maintenance of Al PCa (14).

The results (Fig. 1) nvolving the induction of apoptosis in PCa
cells by PL are consistent with findings using other cancer cell lines,
such as ovarian cancer BG1 cells (23), cervical cancer cells (24 ), and
breast cancer cells (9). PL-induced apoptosis involves Ga-M arrest
and generation of ROS (10). ROS-mediated inhibition of top-
oisomerase [l has been suggested to be a mechanism contributing
to the apoptosis- inducing properties of PL (25). [t is also noteworthy
that PL in breast cancer cell lines has been reported to trigger
autophagic cell death but not predominantly apoptosis (9).

We provide direct experimental evidence that PL has efficacy
in preclinical model of ectopic growth of PCa cells in nude mice

(Fig. 2}. Inhibition of tumor growth may be the result of inhibition
of the expression of cell proliferative marker PCNA as well as
mhibition of the constitutive activation of cell survival markers
PKCe and Stat3 (Fig 3).

Metastasis is the primary cause of mortality from cancer (15-18)
Cell migration and invasion play erifical roles in cancer metastasis
(15-18). PL was observed to be a potent inhibitor of PCa cell
invasion (Fig. 1). The molecular mechanism linked to PL-induced
inhibition of PCa cell invasion may involve inhibition of the
expression of MMP-9 and VEGF (Fig. 1), the components in cell
invasion and metastasis (26-28).

PL inhibits PKCe expression and Stat3 activation (Figs. 3 and 4)
PKCe 15 a member of the novel PKC subfamily (29-23). PKCe is an
important component of the mechanism of induction and
progression of PCa (14). PKCe is overexpressed in human PCa
and PCa developed either in C37BL/% or [C57BL/6 * FVB| FI
TRAMP mice (14). The fact that PKCe expression is significantly
elevated in PCa and correlates with PCa aggressiveness (14, 34)
mmphes that PKCe is probably linked to the mamntenance of Al PCa.
In this context, the pioneerdng work of Terdan and his associates
on the role of PKCe in prostate carcinogenesis, using PCa-derived
cell lines, is noteworthy (34-37) In their reports, PKCe over-
expression transtormed AD LNCaP tumor cells to Al cells [35). The
transformation of AD LNCal® cells to an Al variant was associated
with increased cell proliferation and resistance to apoptosis.
Antisense experiments established that endogenous PKCe plays
an important role in regulating the growth and survival of Al PCa
cells, suggesting that PKCe expression may be sufficient to
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maintain PCa growth and survival after androgen ablation (35)
PKCe is a transforming oncogene and a predictive biomarker of
breast cancer and PCa (14).

PECe associates with Stat3 and regulates Stat3 activation. Stat3
is activated by phosphorylation at both Tyr'™ and Ser’™ residues,
Constitutively activated Stats, particularly Stat3, have been found
in several human cancers (eg. squamous cell carcinomas, head
and neck, breast. ovary, prostate, and lung refs. 38-45). PKCe
activation transdoces multiple signals involving inhibition of
apoptotic pathways and promotion of cell survival pathways.
PRCe-mediated cell survival pathway involves constitutive activa-
tion of Statd. PKCE is an initial signal that regulates activation of
Stat3. PKCe may be a primary target of PL for prevention of AIPCa
PrOZrEssion.

PL inhibits the activation of PI3K/AKT (Fig. 54 and B). As
observed in PCa from TRAMP mice, PKCe expression accompanied
up-regulation of phosphorylated PI3K and AKT, major components
of the cell survival pathway (14). Consistent with these findings.
using CWR22 xenografts, it was shown by proteomic analysis that

the association of PKCe with Bax may neutralize apoptotic signals
propagated through the mitochondral death signaling pathway
(46). In addition, integrin signaling links PKCe to the PEB/AKT
survival pathway in recurrent PCa cells (34). PL inhibits PRCe
overexpression, which correlates with PCa aggressiveness and
accompanies an increase in proteins that modulate apoptosis
(survivin, Bel-2, and Bel-xl), and cell cycle progression (p21 and
p27: Fig. 5C and D).

It is notable that Sandur and colleagues (7) reported that PLis a
specific nhibitor of NF+B and does not suppress activation of
other transcription factors AP-1 and Statd m KBM-5 (human
chronic myeloid leukemia) and U266 (human maultiple myeloma)
cells. The discrepancy between our results with the PCa cell lines
(PC-3, DU145, and CWR22rvl) and their results with KBM-5 and
U266 cells may be due to cellular context.

In several repeat experiments, PL inhibited the constitutive
activation of AP-1, NF-sB, and Stat3 in Al PCa cell lines PC-3,
DUI45, and CWR22rvl but not in AD PCa cell line LNCaP. These
results indicate that androgen receptor [AR) status may determine

DuU145
AP

ma%ﬂ

Figure 6. PL inhibits DNA binding of
transcription factors Stat3, NF<B, and
AP-1 and lmnscription factor-regulated
oene expression. PCa cells (DU145, PC-3,
CWR22nv1, and LNCaP) at 70% to B0%
confluency ware seum starved for

24 h. Cells were treated with ©, 5, 10,

15, or 20 pmol'L of PL in DMSO

{final concantration, 0.1%) for 3 h. Nuclear
protein extracts were prepared by lysing
cells in a hypotonic solution [10 mmolL
HEPES (pH 7.5), 10 mmolL KCI,

0.1 mmeolL EDTA (pH 8.0), 0.1 mmollL
EGTA (pH 8.0), 1 mmalL DTT, 0.5 mmaol’L

Stat3

PMSF, 0.5 mg/mL benzamide, 2 pg/mL
aprofinin, 2 ug/ml leupepting, with
detergent [NP40 at 6.25% (ww)] followed by
low speed centrifugation (1,500 = g for
a0 s) to collect nuclel. Nuclear proteins
ware extracted in a high-salt buffer

[20 mmell HEPES (pH 7.5), 0.4 molL
NatCl, 1 mmol/L EOTA (pH 8.0}, 1 mmolL
EGTA (pH 8.0, 1 mmel/L DTT, 1 mmal/L

B c PMSF, 0.5 mg/mL banzamide, 2 ugy/mL
Plumbagin (pmol/L) aprotinin, 2 pg/mL leupeptin] and nuclear
Control Plumbagin o 5101520 membranes and genamic DNA wore
{“1 L]r"; L"]. — — Belad emoved by high-spead centrifugation.
W |"z‘j|-— Bel-xl — Nutlear protein extracts were stored at
Bt o= == e pactn —70°C until used. A, electrophoretic
robes in PC-3 cells ——=—|-— P-actin ===l cox2 mability shift assay of NF-+B, AP-1, and
AP-1 NF-<BE Stat3 E._ ooxX-2 ] Statd DNA binding. B, specificity of AP-1,
e [ Jracin NF B, and Stat3 DNA binding. € and D,
[ —— . cgcasA transcription factor—regulated gene
f=————|— cdcz5A S pactin expression. G, tumors trom PL-Areated or
. [ | A-actin control mice were excised and whole-cell
. 120 T B il lysates were prepared lo analyze the
& COX-2 expression of indicated proteins. D, DUA45

T caeashy cells at 7iF4 lo BO% confluency were serum

6 80 starved lor 24 h. Cells were treated with 0,
Fida ‘s 5 10, 15, or 20 pmal/L of PL for & h.
P E ‘Whale-cell lysates were prepared and used
9 Tobe 40 for Westem blol analysis of indicated
1,3, and 5; Wild type probe proteins. Bottom, quantitation of Westarn
2, 4, and &: Mutant probe E Hots C and D,
B 9 g n
20 30
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Pl-induced suppression of transcription factors AP-1, NF+B, and
Stat3. The mechanism by which PL suppresses the constitutive
activation of AP-1, NF-xB, and Stat3 in Al PCa cells is unclear.
However, PL inhibits constitutive ﬁrpressicm of PKCe, which may
play a role in the activation of AP-1, NF+B, and Stat3,

The role of PKCe in PL-induced mhibition of growth and
invasion of Al PCa is speculative. Most Al PCa continue to express
AR as well as the AD gene PSA. which indicates that these cells
maintain a functional AR signaling pathway despite castrate levels
of testosterone. Gene amplification and mutations in AR are
frequently observed in recurrent PCa, which may account for
hypersensitivity of the AR to low castrate level of androgens, and
altered ligand specificity (47). Increased AR activity in Al PCa is
perhaps caused by crosstalk of AR with multiple intracellular
signaling cascades, including peptide growth factors [epidermal
growth factor (EGF), transforming growth factor-p, and insulin-like
growth factor-E ref 48], In this context, it is noteworthy that HER-
2/new, a member of the EGF family of receptor tyrosine kinases,
activates the AR pathway in the absence of ligand (49). It remains
to be determined whether there is cross-talk between AR and PRCe
signal transduction pathway in the progression of Al PCa

PL has also been extensively evaluated for toxic side effects in
rodents. Toxic side effects included diarrbea, skin rashes, and
hepatic and reproductive toxicity. These toxic side effects were
dose related. The LDs, for these side effects in mice was 8 to
65 ma/ka body weight for po. administration and 16 ma/ke body
weight for i.p, (7). PL has been reported to be nontoxic at doses
(2 mg/kg body weight ip. or 200 ppm in diet) shown to elicit
chemopreventive and therapeutic effects (7). In addition, the

mutagenic activity of PL in Escherichia coli has been examined and
was negative n the Ames test (7).

In summary, PL. a plant-derived naphthoguinone, inhibits the
growth and invasion of Al PCa cells (Figs. 1 and 2). PL-induced
inhibition of PCa cell growth and invasion accompanies inhibition
of multiple targets, including PKCe and transcription factors AP-1,
NF-B, and Stat3 (Figs. 3-6). The results (Figs. |-6) presented have
led us to propose that PECe is a master switch in the progression
and invasion of hormone-refractory PCa. PKCe directly or
indirectly via association with other protein kinases [eg. Raf-1,
mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) kinase 1/2, ERK1/2, and p38MAPK]
phosphorylates Stat3Ser727, Constitutive activation of PKCe and
Stat3 is correlated with the aggressiveness of PCa (14). PI3K/PKD3/
AKT may phosphorylate AR, enabling to form dimers, thus
enhancing AR-DNA binding and gene expression (50). We
hypothesize that PL inhibits the expression of PKCe, an initial
signal in the development of Al PCa
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